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INTRODUCTION
Starches from various sources have been studied by many
workers for more than a century. Especially dijiring the past
50 years, many points of detail have been clarified by the use
of physical, organic and biological methods.
Starch was fractionated into its components, and their
molecular weights estimated by the use of the high speed centri-
fuge. Application of a number of chemical methods have not only
defined the chemical structure and properties of each fraction
but have opened up the vast field of the industrial utilization
of starch. The important physiological roles of starch in nature
have been well studied by the use of biochemical methods.
However, our present knowledge on the subject is still far
from complete. Although the presence of two basic components of
starch, namely amylose and amylopectin has been established,
their distribution and the pattern of the organization in the
granules are unclear. While a precise knowledge of carbohydrase
action with gelatinized starch and with the fractionated compo-
nents are known in some cases, the mode of action of enzymes with
raw starch granules is not well established. Nevertheless, in
plants the starch is metabolized from the granule state.
The purpose of this study was to observe the mode of enzyme
action on raw starch granules and to formulate theories of the
structure of granules with the help of chemical and physical
methods of characterization.
RKVIEW OP THE LITERATURE
The Struotiipe of Starch Granules
As early as 1716, Leewenhouk (37) investigated starch gran-
ules microscopically, and thought that the granule consisted of
a nucleus, which was soluble in water, and an insoluble outer
hull (or shell). This idea of a granule having a special hull
substance still persists (3).
When a starch granule is exaniined under the microscope, a
shell like portion can be observed along the periphery, i-urther-
more, it is very difficult to disrupt starch granules completely
with acid or with hot water, i.e. there are always observed hard-
to-dissolve particles. These hard-to-dlssolve particles are
thought to be the shell material, which is different from the
rest of the starch material in its structure.
Sandstedt and other workers (6) reported amylase action on
raw starch granules was very slow. However, the same authors ob-
served that the ensyme action proceeded easily when the granule
was damaged, i.e. the inside of the granule was more easily hydro-
lized than the surface.
Contrary to the above evidences, Ulman (l^U) proposed that the
hull is an artifact. "Ihe starch granule was swollen with a sodium
salicylate solution and the hull substance was separated by means
of an aluminum oxide colviran. On the column, there were no other
components but amylose and amylopectin. Hence, he concluded that
the native starch granule possessed no hull, but the latter was
formed during swelling by tangential motion of the starch layers
and by consequent compression of the amylopectin fraction.
Earlier than that, the presence of two distinguishable
groups of components was established by Meyer (26) and Same©
{38), Today, the concept of the two components, amylose (a
linear chain polyglycoside) and amylopectin (a branched chain
polyglycoside) is widely accepted. The principal linkage in
both components is 0(-l,l|-, but at the site of branching in amylo-
pectin the linkage is 0(-l,6-. Application of methods such as
methylation (17) or periodate oxidation (li<.) enabled the charac-
terization of each component, and physical method such as ultra-
centrifugation (5) or osmotic pressure (10) determined the approxi-
mate size or mass of each fraction.
Meyer in his review (27)» related microscopic observations to
the concept of the above chemical structure. According to him,
amylopectin was primarily responsible for the frame work through-
out the granule. Further, he visualized concentric layers in
each of which highly ramified amylopectin molecules constituted
a reticulated net work. He thought the linear portion of the
branches and linear chain fraction, amylose, were generally di-
rected in a radial direction. Meyer believed that this reticulated
net work structure of amylopectin molecules provided an explana-
tion for the swelling of starch without dissolving, and for the
leachability of amylose with hot water.
In 193i4-» Hanson and Katz (13) microscopically observed starch
granules after they were swollen with hot water and with other
chemicals, and suggested a block like structure for the granule.
According to this theory, a granule consists of cubes of about
\M which are oriented both radially and circumferentially.
More recently Nikuni and Hizukuri (30, 31) proposed a new
microganular structvire of starch granules, which was similar
to the theory proposed by Hanson and Katz. They observed starch
granules and granule sections of 0,05/^ in thickness by means of
the electron microscope. According to them, the fine granular
structure (microgranule ) was clearly seen in graminaceae starch,
especially in the granules treated with acid or amylase. For
potato starch, they claimed that the microgranular structure was
observed in the raw starch granule. It was distinctly observed
on amylodextrln prepared by soaking potato starch in a dilute
acid for several months. They suggested spheric microgranule of
200 - 300 A in diameter which consisted of araylopectin. They
thought outer branches of the amylopeotin molecules formed not
work between the amylopectin sphere, and amylose was present in
an amorphous state and filled the spaces aroouid the microgranules
.
Pacsu (33)» i>umarzert (9), and other earlier workers (11)
advanced a theory that a starch granule having a homogeneous
chemical structure, i.e. the amylose and the amylopectin are
merely artifacts. However, today the concept of starch having
two distinct fractions is so firmly established by many lines of
experimental evidence that the theory of homogeneous chemical
structure is almost entirely abandoned.
Degradation of Raw Starch
Enzyme degradation . In comparison with the great amotmt of
work done on enzymlc degradation of gelatinized starch, compara-
tively little la known about the enzyme degradation of raw starch
granules.
Per gelatinized starch. It Is well established that 0<»-amy-
lase splits 0(-l,l4.- linkage between branches, whereas /^-amylase
splits off a maltose lonlt at a time from the non-reducing end of
the chain, and the action Is Inhibited near the branching points
(12).
The principal mode of action of these enzymes on raw starch
granules seem to be the same as for gelatinized starch, but the
action pattern appears to be somewhat modified due to the structxire
of the granule and the availability of the substrate.
Asplnall at al. (2) investigated starch isolated from malted
barley. By potentloraetrlc iodine titration, they found that
malted barley starch contained 26 percent amylose which was higher
than the amount present in unmalted barley. The starch from
malted barley was fractionated into amylose and amylopectin com-
ponents. Methylation end-group assay in combination with amylo-
lysls and periodate oxidation studies indicated that the amylo-
pectin contained the normal type of branched structure but with
one non-reducing end-group per 18 glucose residues instead of
26 as in the starch from the unmalted barley. Therefore, it was
concluded that during the malting of barley the amylopectin under-
went enzymlc attack causing shortening of the outer chains but
with retention of the branched structure, while the amylose
component was relatively little degraded,
A phototaicrographio study of starch granules in connection
with the enzyme digestion was carried out by Sandstedt (39). He
demonstrated that damaged granules were digested by amylases
faster than undamaged granules. Also, within a granule its
susceptibility to the enzyme action was not uniform, i.e. amor-
phous regions were digested faster than crystalline portions of
the granule. From these observations, he suggested that the
block structure proposed by Hanson and Katz (13) might be correct.
Acid degradation . Degradation of raw starch by dilute acid
was tried by some workers in order to study the structure.
Kerr (21) prepared a sample of commercial acid modified thin
boiling starch and fractionated it by the method of Lansky, Kool
and Schoch (24). The fractions were examined for molecular weight,
intrinsic viscosity, iodine affinity, alkali number and reducing
value. During the acid treatment the degree of polymerization of
the amylopeotin fraction dropped, then slowly declined with in-
creasing fluidity. The degree of polymerization of amylose fraction
remained nearly constant at I4.OO - 500 until high fluidities were
reached. In the initial stages of acid hydrolysis the amorphous
region in the starch granule was attacked with break down of amylo-
peotin. Degraded amylopectin formed a complex with amylose which
could not be separated by the method employed and which resisted
hydrolysis.
Cowie and Greenwood (8) studied the effect of 0.2 M hydro-
chloric acid at l^S C on the granular structure and the molecular
size of the components of potato starch. Fractionated starch
components were characterized by iodine binding power, osmotic
pressure, viscosity and sedimentation before and after the acid
treatment. Under the condition used, the granular structure was
apparently unchanged, but both the amylose and the araylopectin
were partially degraded. The rate of degradation indicated that
the amylopectin underwent preferential hydrolysis. It was
suggested that the surface membrane of the starch granule was
the primary site of attack and that the amorphous regions were
more readily degraded, since there was no evidence of swelling
In the acid media.
MATERIALS AND METHODS
Preparation of Starch
For the purpose of this study, a quantitative recovery of
starch from sorghum grain was not necessary. However, it was
desirable not to damage the starch granules during the operation.
A wet milling pilot plant process devised by Johnston (20) was
followed closely, except that the method was modified to the
laboratory scale as follows:
About 100 g. of grain was thoroughly washed and soaked in
distilled water for 2I4. hovirs. After the soaking, the grain was
gro\ind in water with mortar and pestle. When most of the starch
had separated from the bran, the starch was washed through a \\.0
mesh cloth. The grinding and the washing were repeated tbiree
times, then finally strained through J4.OO mesh sieves. The cinide
8starch was suspended in water and allowed to settle ovezmlght.
The water was siphoned out, and the starch again suspended in
water for centrifugation. After each centrifugation, the darker
layer on top of the good starch layer was manually removed as
cleanly as possible. After five such washings, fatty acid was
extracted from the starch by Schoch's exhaustive hot methanol
process (i|.l). The starch obtained In this manner contained
approximately 0.05 percent of nitrogen by the KJeldahl method,
and 0,1 - 0.2 percent of fatty acid by the standard AOAC method
(1).
Preparation of Enzyme
Sorghum enzyme extract . Sorghum grain was germinated by the
rag doll method used by Kneen et al, (23). It was known that
germinated sorghum grain was high in (X-amylase and contained a
trace of /^-amylase (22).
About 100 g. of grain was rolled in an unbleached satin
cloth and placed in an incubator at 30° C and Q$ percent relative
humidity. Water was sprinkled over the dolls every 12 hours.
Under these conditions, it was found that the enzyme strength per
weight of meal in terms of Sandstedt'a CK-araylase activity unit*
(1|.0) was maximum at the end of three days germination. After the
three day germination period, the grain was dried in the vacuum
oven for 2I4. hovirs. Then the whole batch was ground in a Wiley
Mill through 20 mesh sieves and stored at a low temperature tintil
used.
For an extraction of the enzyme, 100 g. of the meal was
stirred with 1^0 ral. of 0,1 percent calcitim acetate at 30*'c
for five hours. The extract was centrifuged, and was dialized
against tap water for 2l\. hours to remove all low molecular
weight sugars. After the dialysis the extract was pervaporated
to the volume desired.
/^-amylase and Salivary Amylase . Throughout this work a
commercial preparation of /^-amylase was used. Salivary suuylase
from human saliva (freshly collected and filtered) was adjusted
to the strength desired by diluting with distilled water.
Determination of Enayrae Activity
Throughout this study two methods were used to determine the
activity of enzymes. Whenever specifically ©(-amylase activity
was desired, the method by Sands tedt et al. (ii.0) was used. For a
comparison of activity of two different species of enzyme, i,e#
0( -amylase and /if-amylase, the ability to produce reducing sugar
was compared by the use of Somogyi's reducing sugar analysis
method (I4.3).
The original Sands tedt et al. method expressed the activity
unit as the number of grams of soluble starch which, under the
influence of an excess of yy-amylase, were dextrinized by one
gram of malt in one hour at 30°C.
.
,
g. of soluble starch x 60 (min.
)
g. of malt equiv. x dext. time
For this study, the method of enzyme extraction was different
from that of the original method, and it was considered to be
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more convenient to express the activity per volume of enzyme
extract rather than the weight of the meal used for extraction*
However, since the rest of the procedure and the reagents were
the same, the original formula for the activity could be modi-
fied simply as follows:
Unit M ^* of soluble starch x 60 (mln.
)
ml. of enzyme extract x dext. time
In order to determine the ability to produce reducing
sugars, a given amount of enzyme was allowed to digest a 1 per-
cent soluble starch solution for 30 mln., and the reducing sugar
was estimated by Somogyi's method described In the section of
/^-amylase assay.
Enzyme Treatment of Starch Granules
Enzymlc digestion was carried out as follows: 10 g. of
starch was suspended In 20 ml. of sorghxim enzyme extract prepared
in the manner previously described. The enzyme activity was
determined in terms of the ability to produce reducing sugars.
To the starch-enzyme solution mixture was added 0,2 ml. of 1 M
acetate buffer, and the mixture was covered with toluene to in-
hibit bacterial growth. The flask was placed in a 30°C water
bath with occassional shaking. After three days of incubation,
the starch was centrlfuged out at 2,000 r.p.m. for 20 mln. The
starch was washed with water in like manner five times. Fatty
acids were extracted and the starch was dried in a vacuum oven
for 2i|. hours. The prepared starch was stored over calcium chloride
for future study.
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For /^-amylase and salivary amylase treatments, each
enzyme preparation was made identical to that of the sorghum
enzyme extract in terms of reducing sugar production. The
procedure thereafter was the same.
A comparison of the activity of two different species of
enzyme is not readily made, but the above measures were taken to
at least make the condition of digestions similar.
In order to encourage the shifting of iodine titration end
points, and to depress the percent hydrolysis by /^-amylase,
various methods and strength of the sorghum enzyme treatments
were tried. Under the following conditions the maximum shifting
and the maximum depression was obtained, and this method was used
for the subsequent fractionation and characterization purpose.
Fifty grams of starch were treated with 100 ml* of sorghum
enzyme solution extracted fi^sm 70 g. of sorghum meal at 30^0.
After 5 days treatment, again 100 ml, of fresh enzyme solution of
the same strength was added to the reaction mixture, and kept for
an additional 5 days under the identical condition. Thus treated
starch had characteristics of 37«6 percent amylose (20 ml. of
iodine solution) by Iodine titration, and i+.0 percent hydrolysis
by y^-amylase assay.
Determination of Total Carbohydrate
Throughout this study two methods were used to determine the
amount of carbohydrate. Whenever it was possible, the sample was
weighed out directly on a dry basis. When a direct weighing was
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impossible, the amount was determined by hydrolysis (28). The
hydrolysis was carried out by dispersing starch in a given
amount of water and to this was added concentrated hydrochloric
acid to make 0.2 M acid solution. This was refluxed on a hot
plate for k hours. The resulting hydrolyzate was adjusted to
pH 7 with sodium hydroxide, and its reducing power was determined
by Somogyi's method (1+3) with a glucose standard.
Photomicrography
Microscopic observation of starch granules often rendered
some explanation of the physical structure of the starch granule.
Conclusions were sometimes difficult however, because of optical
effects. In the present study, observations were used as a
mean? of determining the course of progress of the enzyme action.
A Baush and Lomb microscope was used with photographic camera
and spherical lamp made by the same company. Magnifications of
210 X and 970 X with oil immersion were used for the photography.
By making an exposure strip, the following conditions were found
to be optimum: The distance between the light source and the sub-
stage mirror was 12 in., the sub-stage diaphram opening 3/k-t a^d
the exposure time l/25 sec.
Fractionation
Ultracentrifugation . It was expected to find some changes in
chemical structure of the starch components after the enzyme
treatment of sorghum starch granules. In order to trace the
change in the chemical structure of starch, each fraction, i.e.
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amylose and amylopectin had to be characterized separately.
Among various separation methods {21^., 29, kl) available, the
method of Montgomery and Sent! (29) was thought to be the best
for the purpose. Due to the nature of the method, it was not
expected to yield absolutely quantitative results, but th«
fractionation of the raw starch standard and of the modified
starch should provide a relative comparison.
This method consisted of two parts. The first part involved
a pretreatment with an organic solvent, 85 percent glycerol being
reoommended. In doing so, the organic solvent extracted fat
from the starch, and weakened the bonding between amylose and
amylopectin. This was followed, in the second part, by a hot
water extraction of amylose. The above authors found that about
three-forth of the total amylose could be leached out in a pure
form by the first single extraction. The residue was relatively
pure amylopectin after two or more additional extractions.
The glycerol used was thoroughly sparged with nitrogen gas.
Five percent by weight of starch was suspended In 8$ percent
glycerol-water (w/w). The sparging with nitrogen gas and slow
stirring were continued while the suspension was kept in a water
bath, and the temperature was slowly raised from 30®C to 89 C
during 1 - 1,5 hours. The suspension was kept at this tempera-
ture for an additional hour. The flask was then placed in a
water pan at a temperature of - 2°C to cool the contents quick-
ly to 25 C and diluted with several volximes of ethanol. The
starch was filtered on a sintered glass funnel and washed with
Ik
ethanol until free of the pretreatment solvent. The starch was
dried in the oven at 35*^0 and 30 in. of mercury for 2I4. hours.
For hot water extraction, the dried starch was weighed out
exactly so that the concentration of starch in the final volume
was 2 percent. The suspension was adjusted to pH 6.0 - 6.3 by
the use of phosphate buffer and water. The slurry was then trans-
ferred into a three-necked distillation flask of a volume three
times larger than that of the starch solution and was placed in
a 98^0 water bath. After 15 min. of heating with constant stir-
ring (200 r.p.m. with a finger type stirrer), the flask was
placed in - 2°C ice-water bath to cool it to room temperature.
The solution was centrifuged in the No. 20 rotor of the Spinco
ultracentrifuge at 20,000 r.p.m. (c.a. 142,000 g) for 1 hour. The
upper clear liquid layer was collected and the residue was redi-
spcrsed in a 98°C water bath with stirring 15 min. Then the
solution was centrifuged again in the same manner. The extrac-
tion was repeated twice. All the amylose and the amylopectin
were pooled into separate batches.
Butanol treatment . Crude amylose fraction obtained directly
from the ultracentrifugation was also further fractionated to
pure amylose, fraction A, and amylopectin, fraction B by use of
butanol as follows:
The crude amylose was saturated with butanol at room tempera-
ture and kept for 2-3 hours. When complexing was complete and
most of the amylose-butanol complex had settled on the bottom of
the flask, the mixture was centrifuged at 2,000 r.p.m. for 20 min.
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The sediment (fraction a) was agsdn dissolved in hot water.
These two separate fractions were placed on a hot plate and
sparged with nitrogen gas until all the butanol was eliminated
from the solutions.
The starch fractions thus obtained were analyzed for their
concentrations by the hydrolysis method, and were immediately
used for the characterization studies*
Characterization of Starch and Starch Fractions
Potentiometric iodine titration . Bates, French and Rundle
ik) studied the difference in the ability of amylose and of
amylopectin to bind iodine to form a complex. Solutions of
amylose and of amylopectin were titrated potentiometrically with
iodine, and the iodine bound in the complex was determined by
measuring the potential due to free iodine in the solution after
equilibritun was reached. They failed to establish a stoichio-
metric formula for the starch-iodine complex, but the end point
of the reaction between amylose and iodine was determined experi-
mentally. They foimd that amylose, which was the best amylose
yet prepared, took up l8,7 percent iodine at the end point in
0.05 M potassium iodide solution. They titrated a mixture of
amylose and amylopectin with 0.001 M iodine solution and found an
exactly linear relationship between the number of ml. of iodine
solution required to reach the end points and the amylose content.
For the studies reported here, a Leed and Northrup No. 75$1
potentiometer with No. 214.20 galvanometer was used. Pour-hundredth
of a gram of an amylopectin rich sample was dispersed in 10 ml. of
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0,5 M potassium hydroxide solution. To this was added 20 ml,
of water and adjusted to pH J4. with hydriodic acid. Then the
sample was made up to 100 ml. The final solution was 0,001 M
in iodine, 0,05 M in potassium iodide and contained O.Olj. per-
cent of starch.
The amylose content was calculated from the titration by
using the following equation:
io amylose « n , k °^-i°^ ^2 sol^^^Q^^ fo^c* sample x 100^^ 6i4.Uttl. of I2 solution needed for Q,Q]^% amylose)
H -amylase assay . /^-amylase degrades starch stepwise
into maltose from the non-reducing end of the chain, and its
action is inhibited by the branching point. The specificity of
this enzyme action pattern has been thoroughly established, and
at the present no chemical means csui imitate this reaction.
Therefore the /^-amylase assay provides definite information on
the length of the outer chains of amylopectin.
There are still some disagreements on the extent of the
hydrolysis of amylose. Some workers (15) claimed complete hydro-
lysis of amylose into maltose, but other workers (3I;) working with
crystalline y^-amylase, reported only 70 percent hydrolysis of
amylose. Today, it is generally acknowledged that /^-amylase may
consist of two parts and waen the two parts (of which one part is
called Z-enzyme) together act on amylose, it goes to 100 percent
hydrolysis (35).
A commercial preparation of /^-amylase (non-crystalline) was
used. When the starch sample was a whole starch and was easy to
bring into complete dispersion, the starch was dispersed in water
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by heating as follows s Five-tenths gram of starch was suspended
in about 15 ml, of water and gelatinized on an open flame with
constant shaking. To this was then added 2 ml. of 1 M acetate
buffer of pH I4..7 and the sample made up to 50 ml. with water. An
excess of p -amylase was then added, and the solution shaken vig-
orously for 30 sec. Iimnediately 2 ml. of the mixture was taken
for the zero time standard. The remainder was Incubated in a 37°C
water bath and 2 ml. of samples taken at the scheduled time inter-
vals. The reaction was carried out for I4. hours, but usually the
curve leveled off within 2 hours. Each sample of hydrolyzate was
then analyzed for reducing sugar by Somogyl*s method (1^.3) as
below: One-tenth ml. of the hydrolyzate was transferred into a
Polin-Wu tube by means of a 0.1 ml. pipette. One ml. of Somogyi*8
reagent v/as added and the tube heated in a boiling water bath. At
the end of 20 mln. heating time, the tube was immediately placed
in a cold water pan to cool the contents to room temperature. One
ml. of Nelson's arsenomolybdate reagent was added and mixed thoro-
ughtly. The tube was filled to the 25 ml. mark with water, and
the absorbance measured at a wave length of 520 m/f .
When the starch was already in solution, the total carbohy-
drate of the solution was determined by using the hydrolysis
method already described. The rest of the procedure was the same
as the above.
Electrophoresis . Electrophoretic techniques have been most
useful for the separation of similar types of compounds with
differences in the electrical charges. Northcote (32) carried out
18
•leetz^>phor•ls studies of neutral polysaooharidos by oomplaxing
with borate and other coaplexlng agents* He found tnat the
blllty of borate oomplex was greater than any other ooaplexlng
agent tried. .''
In order to oharaoterlse tae crude toijflose fraction obtained
from the ultracontrifugatlon, eleotrophoresls was tried by the
following au»thod devised by tiM above authori
Twenty ml. of crude aaylose» i.e. the suparnatant of the
ultraoentrlfugatlon* was placed in a dialysis bag» and dlalysed
against 1000 ml. of 0.0^ H borat® buffer for 2k hours with constant
shaking. The electrophoresis was carried out with an Amlnoo
Electrophoresis Apparatus, at 1^ m.Ki^. for U5 ain.
Sodium motaperiodate oxidation . The first experimental oxlda*
tlon of corn starch with perioalo acid was investigated by Jackson
and Hudson (13). Caldwell and iilxon (7)t <u^d Jackson and tiudson
(19) 8pt>aratoly carried out furthar studies on the oxidation
process* and elucidated the aeohanlsm of the oxidation.
CHjOH cKjOH cHjOH
Ov yr—'O. Jr 0.
OH OH *"
JHIO^.
The Intersuialttte glucose units would be oxidized to dlalde*
hjde cofi^ounds at shown, while the terminal units would give rise
to three aoleoules of foralc aoids* and one molecule of formalde-
hyde. Also, It was found ti'iat the oxidation of starch by periodic
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acid gave the Identical results whether the oxidation was carried
out on raw starch granules or on gelatinized starch.
Measurement of the formlo acid production from a given amount
of starch could be utilized for determination of the number of
glucose residues per non-reducing end group. It was clear from
the reaction mechanism that any linear chain starch fraction could
give rise to three moles of formic acid per mole of amylose; one
from the non-reducing end, and two from the reducing end. However,
in case of amylopectin which has a great number of branches, the
number of reducing ends are negligible in comparison with the
number of non-reducing ends. Theoretically there should be only
one reducing end per amylopectin molecule. Thus the amo\mt of
formic acid produced from the reducing end could be ignored.
The number of glucose residues per non-reducing end can be
calculated as follows:
For amylose: Weight of sample x 3D.P, per non-reaucing end «
it of acid x 1&2
For amylopectin: Weight of sample x 1D.P. per non-reducing end = /J acid x lg$
The procedure devisad by Potter and Hassid (36) was closely
followed. When a starch fraction was in solution, the total car-
bohydrate was deteiroined by the hydrolysis method already described.
Five-tenths gram of amylose or 0.2 g. of amylopectin sample was
placed in a 12^ ml. erlenmeyer flask which was painted black to ex-
clude light. Ten ml. of 3 percent sodi\im chloride solution was
added and cooled to - 2 G, after which 0,37 M of sodium meta-
perlodate was added. The flask was kept in dark at - 2 C for
20
25 hours with constant shaking.
Colprime trie study of starch^iodine complex * It has been
known for a long tiraa that starch forms a blue complex with
iodine. Also it has been known that pure amylose forms a much
more intensly colored complex than does amylopectln. Mixtures
give intensities intermediate between the two.
MoGready and Hassid (25) used this property for different-
iation of the two oomponts of starch. The absorbance under a
given set of conditions, i.e. 25 + 0.03 0, 1.0 mg» of starch,
2.0 mg. of iodine, and 20 mg. of potassium iodide per 100 ml at
6800 A with Bausch and Lomb Spoctronie 20 Colorimeter, has been
called Blue Value. Today it is known that the intensity of the
blue color does not exactly correlate with the length of chain,
but it can be used for qualitative means for differentiation of
the two components (16).
In this study, instead of taking the blue value at the given
wave length, the absorbance of the complex was taken for the range
of 1^00 ra/{. to 675 ^// by using a Bausch and Lomb Spectronic 20
Colorimeter. The preparation of the complex was identical to the
procedures originally devised for the blue value detei*mination.
Alkali number. The alkali-lability is an empirical test for
characterizing polysaccharides. According to Schoch and Jensen
(I4.2), temninal reducing groups of glycopyranose chains produced
simple acidic compounds such as formic, acetic, and lactic acids
upon degradation by alkali. The same authors defined alkali
number as the number of mis. of 0.1 N sodium hydroxide consxiraed
by 1 g. of starch dtiring a digestion in the alkali for exactly
21
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one hour at 100 C.
The reaction is a complicated one and the assay thus is
quite empirical. However, if the condition of digestion is
rigidly kept constant, the alkali number which depends on the
number of reducing ends, can be used as a qualitative means for
noting changes in molecular weight.
In this experiment every possible effort was made to keep
the digestion condition constant. Five- tenths gram of sample was
suspended in 10 ml. of vrater placed in 8 cz. nursing bottle. To
this was added 25 ml. of 0,1| N sodium hydroxide with gentle
swirling for uniform gelatinlzation. Then 65 ml. of hot water
was added. The bottle was capped and placed in a vigorously
steaming sterilizer for exactly 60 mln. After the digestion
period, the bottle was placed In a cold water pan and 75 rnl. of
oold water added. Then the excess sodium hydroxide was titrated
with 0.2 N sulfuric acid to pH 8 by use of a pH meter. Twenty-
five ml. of 0,l|. N sodium hydroxide treated Identically was used
as blank. The alkali number was calculated as follows;
Alkali number «
ml. of acid for blank - inl. of acid for sample x N.F.xlO
Weight of sample on a dry basis
RESULT AND DISCUSSION
This study was started in an attempt to study the mode of
degradation of starch granules during gei*mination of sorghum
grain. Sorghum grain was germinated for a week as described,
and samples were taken at 2i4. hours intervals. Starch prepared
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from these samples was examined iinder trie microscope, and by the
iodine titration method. It was found that by microscopic obser-
vations the number of granules affected by the enzyme increased
as germination progressed. Also by the iodine titration, it was
noticed that the end points were somewhat shifted to the right,
i.e. the amylose content was increased as the germination pro-
gressed.
However, the changes were rather slow and barely significant.
Furthermore, enzyme activity decreased after three days of germ-
ination. Hence the degradation was carried out in vitro with
concentrated enzyme solutions under controlled conditions, in
order to bring about drastic changes in the starch granules in a
short period.
After three enzyme treatments, each of three days duration
practically all granules were affected by the enzyme. Fig. 1-a
shows starch granules before the treatment, and Fig. 1-b shows
the granules after such treatments. Pictures of the same granules
with greater magnifications and under polarized light are shown in
Pig. 2-a and -b, and Fig. 3-a arid -b.
As shown in Fig. 2-a, the surface and peripheries of untreated
granules are perfectly smooth, while the treated granules have worm
like fissures on the surfaces and saw tooth like peripheries as
shown in Pig. 3-a» Under polarized light, the characteristic
crosses at the centers were somewhat affected by the enzyme action,
although the crosses were clearly seen (Fig. 3-b). If the theory
that the crosses are caused by the Inside structure of the starch
23
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(a) Untreated starch granule 210 X
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(b) Partially digested starch granules 210 X
* 1*^::j
Fig. 1 Photomicrographs of sorghum starch granules
2k
(a) Under ordinary light
(b) Under polarized light
Fig. 2 Photomicrograpns of untreated starch
granules 970 X
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(a) Under ordinary light
(b) Under polarized light
Pig, 3 Photomicrographs of partially digested
starch granules 970 X
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granule is tnae, it must mean that the enzyme action did not
disrupt the crystalline pattern, or that the enzyme did not
penetrate deeply into the internal portion of the granule.
Prom these observations, it was believed that the enzyme action
was a surface phenomena, and the worm like erosions were surface
etchings rather than deep fissures into the center of the granule.
Degradation patterns of starch granules by other species of
enzyme, i.e. /^-amylase and salivary amylase were also examined in
the same manner. Starch granules degraded by either species of
enzyme showed very similar to those degraded by sorghum enzyme
extract. One noticeable difference was that during salivary amy-
lase digestion, small starch fragments were produced, although the
mother granules kept their shapes and the erosion pattern identi-
cal to that produced by the other enzymes.
The individual fractions, namely amylose and amylopectin were
also studied to ascertain whether there had been any preferential
action by t he enzyme. During the enzyme degradation, if any one
of the fractions was preferentially digested, the net result should
show up as en increase of the other fraction on iodine titration.
The iodine titration method was considered to be the most sensitive
and accurate means so far devised for the p\irpose.
In Pig« l^f 5, 6 are shown the titration curves for starches
treated with sorghum enzyme extract, commercial /^amylase and
salivary amylase respectively. In each Fig., denotes untreated
starch standard, 1 for starch treated for the first three days,
and 2 for the second three days treatment and so on. The
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corresponding /^-amylase assay curves are shown in Fig, 7, 8,
and 9.
In case of sorghum enzyme extract and /^-amylase, the first
three days treatment brought about barely significant changes.
However, at the end of the second three days treatment the end
points of the titrations were shifted to the right showing about
l\. percent increase in amylose content. After the third three
days treatment, the end points were shifted back to the original
positions. For salivary amylase, a somewhat faster action was
observed. The first three days treatment shifted the end point
to the right, and at the end of the second three days treatment,
the end point shifted back.
^-amylase assay curves showed a similar tendency. Starches
from earlier stages of degradation invariably showed high per cent
hydrolysis by y^-araylase. The values were lowered after the second
treatment, then again the values rose as the degradation progressed.
These experimental results suggested that regardless of the
enzyme species, during the early stages of the degradation, i.e*
after the second three days treatment, mainly the amylopectin
fraction was hydrolyzed by these enzymes. The Increase of amylose
could be accounted for only by a decrease in the amylopectin
content. If the iodine titration data are interpreted as the sole
result of preferential hydrolysis of amylopectin, the lowering of
the per cent hydrolysis by ^-amylase should indicate that the
outer branches of amylopectin were shortened by the treatment.
In order to investigate the above idea further, fractionation
31
100 200
timeCmin.)
^8» 7 ^-amylasft assay cvirves of untreatsd
sorghum starch (0) and sorghum enzym*
•xtract treated starches (1, 2 and 3)
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100 200
TIME(MIN.)
Pig. 8 /^'-amylase assay curv«s of untreated
sorghum staroh (0) and /^-amylase
treated starches (1» 2 and 3)*
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60 -
20
100 200
TIMI!(MIN.)
Pig. 9 /^ -amylase assay curves of untreated
sorghum starch (0) and salivary amylase
treated starches (1 and 2)«
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and subsequent characterization of each fraction was tried. At
this stage, amylopectin from the treated starch was expected to
be different from amylopectin of untreated starch if the pre-
ferential hydrolysis of amylopectin was true. However, contrary
to the expectation, the enzyme modified amylopectin was found in
the crude amylose fraction, i#e. the supernatant of the ultra-
centrifugation. This led to a new method for the separation of
the modified amylopectin (or fraction B) from enzyme treated
starch granules*
An untreated starch standard and the treated starch were
fractionated into their component fractions by Montgomery and
Senti's method (29) under identical conditions. Iodine titration
curves of these fractions are shown in Fig. 10. Prom the curves
it was clearly noted that amylopectin fractions from both starches
were almost identical in iodine absorption, while the amylose
fractions were not. Crude amylose from the treated starch con-
tained about 19 percent more amylopectin than the crude amylose
from the untreated starch by the iodine titration, /^-amylase
assay data for the treated crude amylose indicated about 25 per-
cent lower degree of hydrolysis than those of the untreated crude
amylose. ]:''urthermore, total yield of crude amylose fraction from
the treated starch was about 33 percent more than that from the
\xntreated starch under identical fractionation conditions. These
data indicated that a portion of the amylopectin was mixed into
the amylose fraction during fractionation of the treated starch.
This portion of amylopectin mixed into the amylose fraction was
considered to be the enzyme modified amylopectin.
•35
*
•
1U-P C
in 11 P
B-OCi^
1 C • 0-'
1 <
actio treat
iment
arch
1 f
fr
act d
at
1 _ R oh •1 +s^4J
I
•J HfVJ OS
1 • •-' «
1 > w ^1 " U C fi -n
1
H & o
o F.t3%-(
w M K O
1
C C3 43
O • n -P
1 %
• ^
1 ^ M P g T) at
I \ r-l *
eu 3 C +» •
(4^ -P ctf Jd
y \ » 45 feOOS C Oo ^ tu c ;< ^
U ^\'^ 4J O d « OS« 43 (X-P
\\ * Q e C n
I \ * (A 0<d S «_
1 \ % ^ C tJ
1 \ * ^ •O rt Sh'-" c
Ih O. O <^-P
I \ o ^X1 -^ ««
\ \~* * o O-P o
V \ * O ^ CX) (4
v X. * "" *° _• ^ <tf at O-P
Y. ^v 1
55 fri-P-P f4V ^ r-t 4> a « itf ^
1 \ ' o © C-p O
yoj 1 ! o ix« t4 r
o 6 • © -P
\ \' «-i.p Pt'd C-P « ::) • «
_ X \ C e « -p 8\* 1 • C (l4 d-rlJ" ^^ 1
1
-p -p--^ • •«*
O tiH b C
0^ 3>-'.p •^^ta
V
N
o
,1,1 1 Vvi 1
•
• * *
•
Tiao-£iVH TawoTvy 'ivs xsuivfjv ••j'Wa »»
36
These characteristics of the crude amyloso were well
supported by electrophoresis studies. In Fig. 11 the electro-
phoretic patterns of crude aroyloses from both starches are shown.
The crude amylose from iintreated starch did not show any signi-
ficant separation after k^ rain, electrophoresis (P^ig. 11-a),
while the crude amylose from the treated starch separated into
two fractions, A and B, during the same period. Although the
original authors of the method showed the fast moving fraction
(fraction B in this case) was amylopectin, this was proved again
by complexing amylose (fraction A in this case) with butanol aa
follows: When the crude amylose from the undigested starch was
treated with butanol and the electrophoresis was carried out on
the supernatant, no peak appeared on the scope. However, when
the same was done with the crude amylose from treated starch,
fraction A disappeared but fraction B remained and moved exactly
the same distance as the fraction B of the mixture did.
In the Table 1 are compared other characteristic properties
of the crude amylose fraction from the two starches. Prom the
table it is clear that the amylopectin fraction from both starches
have very similar characteristics in all respects. The amylose
fraction, however; are very different in their properties. The
degree of hydrolysis by /^-amylase for the fraction from the
treated starch is much lower than that from untreated starch, but
the /^-amylase assay value for the crude amylose from treated
starch is higher than that of pure amylopectin. This can only
mean that the amylopectin species (which is lower degree of
37
(a)
(b)
Pig. 11
(a) Electrophoretlc patteim of a supernatant from un-
treated starch. The peak moved from "O" to "A" in
I4.5 mln., but there was no significant separation.
The unsymmetry of the peak merely indicates the in-
homogeniety of amylose.
(b) Electrophoretlc pattern of a supernatant from
treated starch. Under the identical condition this
fraction separated into twasubfractions "A" and "B",-
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Table 1, Comparison of the crude amylose and araylopectin
fractions from partially digested and untreated sor-
ghum starch.
•
• Untreated starch : Treated starch
Characteristic J
properties :
Crude
amylose
:
:
Amylo- :
pectin :
Crude
amylose
: Amylo-
: pectin
Amylose content
(Ig titration) 75 % 6.2 i 56 % 6.2 %
Degree of hydrolysis
by jS -amylase 88 % 40.2 ^ 63 i> 43.2 %
Degree of branching
(periodate oxidation) 352 29.8 168 32.5
Alkali No. 22.0 I+.8 17.9 5.6
hydrolysis than the amylose) are mixed into the amylose fraction,
and depressed the resultant degree of hydrolysis by /^-amylase.
The lower value of the degree of branching for the treated
crude amylose can be interpreted by the same line of reasoning.
When the fraction with lower nvimber of glucose residue per
non-reducing end (32 - 29 glucose units for amylopectin) is mixed
into the amylose, the net value for the degree of branching has to
be lowered.
Alkali number is used as an empirical method for a comparison
of amylose to amylopectin. The value for the fraction from the
treated starch is intei*mediate between the two extremes, namely,
amylose and araylopectin. This too can be explained by the similar
line of reasoning as the above.
The length of straight chain of each starch fraction was
compared by the use of absorption spectra of starch-iodine com-
plexes. The method too was used as an empirical means to
ncharacterize each fraction. As is noted In the Fig. 12, a
commercial preparation of araylose (0) gave a very high absorp-
tion at a relatively higher wave length region. On the other
hand, amylopeotin indicated a very low intensity and the loca-
tion of the peak was found at a relatively lower wave length
region. It is very interesting to notice that the crude aroyloae
from the digested starch showed lower intensity and the peak at
a shorter wave length region compared with those amyloses from
the untreated starch. Again the spectra of the amylopectins
from both starches are identical. The lower absorbance and the
location of the peak indicated that the fraction B is amylopeotin
which probably was somewhat modified.
Thus far the accumulated evidences indicated that the crude
araylose fractionated by means of ultracentrifuge from the
treated starch contained the enzyme modified amylopeotin probably
different from the mother amylopeotin in the length of its outer
branch chain.
Direct evidences were sought by characterizing the two
fractions, i.e. pure amylose (or fraction A) and the modified
amylopeotin (or fraction B). It was already shown that these two
fractions could be separated by complexlng fraction A with butanol.
The characteristic properties of these two fractions are shown in
the Table 2.
The alkali number and ^-amylase assay of the fraction A
showed this fraction was identical with the crude amylose obtained
from the untreated starch. The niimber of glucose residue per
Fig, 12 Spectra of iodine complexes with various
starch fractions.
0: Commercial preparation of amylose
1» Amylose from untreated starch
2: Amylopectin from untreated starch
3: Amylose from treated starch
I4.: Amylopectin from treated stsupch
5s Fraction A
6: Fraction B
1^1
0.40
0.30
0.20
i
0.10
/,
^O-O-O.^
•0 4
o^o.8::o-o^o^0-0-0-0^0^06
'^
•
' ' 1 1 L__l
_l 1
500 600
WAVE LENGTH ( mu)
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Table 2. Comparison of A and B fractions obtained from partially
digested sorghum starch.
Characteristic t :
properties ; Fraction A t Fraction B
Degree of hydrolysis
by /^-amylase 89.5 % 26.I4. %
Degree of branching
(periodate oxidation) 289. 20.6
Alkali number 21.6 7 #6
non-reducing end was somewhat lower than that of untreated starch.
In fact about 63 glucose residues were split off from the chain
under the given condition, i.e. about I8 percent amylose was
hydrolyzed by the enzyme treatment, because the amylose from the
untreated starch had 352 glucose residues per non-reducing end.
Alkali number of the fraction B was sufficiently low that
there were no doubts about thiia fraction being amylopectin. On
the other hand the number of glucose units per non-reducing end
of the fraction B was about 10 glucose units less than that of the
untreated amylopectin. The lowering of this nximber of glucose
units per chain without modifying the molecular weight greatly
could be done only by shortening the outer chain length of the
amylopectin molecule. This was further supported by the /^-amy-
lase assay of the two amylopectins. Fraction B was about 22 per-
cent lower than the untreated amylopectin in the degree of hydro-
lysis by /^-amylase.
When the data of periodate oxidation were closely examined,
the fraction B had about 10 glucose units less than that of
k3
imtreated amylopectin per chain. This means about 33 percent
glucose residues per chain were split off by the enzyme treat-
ment. This value together with the l6 percent loss in amylose
fraction suggested about 15 percent net loss of amylopectin from
whole starch. It was interesting to notice that iodine titration
indicated about 15 percent increase in amylose after the enzyme
treatment.
All the results could be summarized as follows: During the
early stages of digestion of starch granules, regardless of th»
enzyme species used, the surfaces of the granules were extensively
degraded. During the digestion period, amylopectin was digested
in preference to the amylose. The mode of amylopectin degradation
was such that outer branch chains of the molecule were shortened
leaving the branching points vmaffected.
Prom these findings together with theories proposed by other
workers, the organization pattern of starch granules could be
visualized. Since the above findings could not be explained by
any known mechanism of iX -amylase, which was described earlier,
the mode of degradation was sought in the granular structure in
terms of the availability of the two fractions. It was believed
that amylose and amylopectin were so oriented in the starch
granule that outer chains of amylopectin were readily available
for the enzyme action.
The microscopic observation described in the earlier section
in connection with the preferential digestion of amylopectin well
check with the theory proposed by Ulman (4I4.), in which he believed
kk
the outer layer of granules were richer in amylopectin than the
center. Furthermore, the amylopectin. molecules inside the
granules had to be so organized that the outer chains were more
readily available than inner chain. In order for starch granules
to be grown by the action of phosphorylase in plants, the outer
chain ends had to be available on the surface of the growing body.
Finally, it was ve3?y interesting to notice that the mode of
enzyme degradation of starch granules were very similar to the
acid degradation (8 and 21). As v?as described in the literature
survey section, Cowie and Greenwood believed that acid primarily
attacked surface membrane of starch granules, and the amylopectin
underwent preferential hydrolysis.
The study of the reaction of enzymes with starch granules is
a relatively new field. At present, only the degradation aspects
of sorghum starch granules were studied. Not only degradation of
one type of starch but studies in reactions of other species of
carbohydrasea including carbohydrate synthesis enzymes, i.e.
phosphorylase etc. with starches of various sources should reveal
greater insights of granular structures. The use of the electron
microscope and of tracer technique in combination with classical
characterization method should be very helpful for the future study
of this field.
k$
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Although starch is metabolized from the granule state In
plants, neither the mode of degradation by enzymes nor the
organization of the starch molecules within the granules are
clearly known. The purpose of this study was to observe the
mode of enzyme action on raw starch granules and to formulate
theories of the structure of granules with the help of chemical
and physical methods of characterization.
Very soiuid sorghum starch granules were treated with
different species of enzymes, i.e. sorghum enzyme extract (which
is high in o^-amylase and contains a trace of ^-amylase), com-
mercial preparation of y^-araylase and fresh human salivairy amy-
lase. These enzyme treated starches were compared with raw starch
granules vnder the microscope with ordinary light and polarized
light. From these observations, it was believed that the action
of each enzyme did not disrupt the crystalline pattern of the
granules, nor did they penetrate deeply into the granules.
Enzyme treated starches were further examined by means of
potentiometric iodine titration and /^-amylase assay. The resvilts
from these two types of experiments clearly suggested that the
outer branches of amylopectin molecules were shortened dviring the
initial stage of the enzyme treatment.
In order to examine the above concept further, fractionation
of raw starch and sorghum enzyme treated starch was carried out by
use of an ultracentrifuge. The subsequent characterization
methods for the supernatant (amylose) and for the sediment (amylo-
pectin) included potentiometric iodine titration, y^-amylase assay.
electrophoresis, sodium metaperlodate oxidation, colorimetrlo
studies of the starch-iodiae complex and alkali number. All th«
results from the above methods indicated the amylose fraction
from the treated starch contained the enzyme modified amylopectln
in addition to amylose. P'urtherraore, since the amylopectln frac-
tions (sediment) from both starches were identical in every res-
pect, it was believed that any change that took place during the
treatment should be sought in the crude amylose fraction (super-
natant) of the treated starch.
The crude amylose fraction was treated with butanol and
fraction A (amylose) was separated from fraction B (the enzyme
modified amylopectln). Properties of these two fractions were
as follows: Fraction At 89.5 percent hydrolysis by /^ -amylase,
289«0 glucose units per chain, and alkali number of 21.6.
Fraction B: 26.14. percent hydrolysis by /5-araylase, 20.6 glucose
units per chain, and alkali nximber of 7.6.
All of the data indicated that amylases acting on starch
granules first cause shortening of the outer chains of amylopectln
with little or no effect on the amylose. These findings are not
in accord with the known mechanism of c<-amylase acting on gelatin-
ized starch. It is believed that the differences can be ascribed
to the organization of the granules. It is postulated that the
outer chains are to be found at the surfaces which are accessible
to the enzyme.
